and Ntare, 2000; Pandey et al., 2007; Bationo, 2008; Bagayoko et al., 2011) . The estimated mean grain yield increase for PMSC in response to 10 kg ha -1 P was 0.28 and 0.42 Mg ha -1 , respectively, without and with a uniform application of N (Mahaman, 1988; Bationo et al., 1991; Bationo, 2008; Bagayoko et al., 2011) . The mean PMSC response to 10 kg ha -1 S was about 0.08 Mg ha -1 (Friesen, 1991) .
The mean cowpea sole crop response to 10 kg ha -1 N was 0 and 0.24 Mg ha -1 without and with P applied, respectively (Agboola, 1978) . The mean response to 10 kg ha -1 P was estimated to be 0.19 Mg ha -1 increase in cowpea grain yield (Magani and Kuchinda, 1997; Ndor et al., 2012: Nyoki and Ndakidemi, 2013) .
Point application of P can result in substantial pearl millet yield increases with low application rates (Muehlig-Versen et al., 2003; Bagayoko et al., 2011) . Response to N has been increased with water conservation practices (van Duivenbooden et al., 2000) , adequate P availability (Fussell et al., 1987) , manure application (Baidu-Forson and Bationo, 1992) , and rotation with grain legumes (Bationo and Ntare, 2000) . Maman et al. (2017b) and Dicko et al. (2017) provided a syntheses of fertilizer use recommendations for pearl millet and cowpea production in Niger and Mali. However, the intercrop response to applied nutrients was not well studied and intercrop response had not been linked to sole crop response.
Therefore, much nutrient response research was done for PMSC and less for cowpea sole crop. However, these crops are produced primarily by intercropping in the Sahel for which no nutrient response information was available. The objectives of this research were to determine: crop nutrient response functions for PMSC and for the cowpea-pearl millet intercrop; the economically optimal rates (EOR) of nutrient application; and a means of relating intercrop response to PMSC response.
MATeRIAL AnD MeTHoDS

experimental Sites
The trials in Niger were conducted on-station and on-farm in 2014 and 2015. The trials sites were at the research centers of Maradi, Magaria, Bengou, and Birnin Konni (Table 1 ) and a total of 9 site-years (SY) of research was conducted in villages near the research centers with one block per field and four to six blocks per trial. The 2014 and 2015 research sites in Mali were both at Cinzana research center near Segou on an oxic haplustalf sandy loam and an aquic haplustalf clay soil. The selected sites offered conditions common for pearl millet and cowpea production in these countries. Sites with known atypical serious edaphic constraints such as shallow depth to a restrictive layer were excluded as such sites were not of high importance for production of these crops.
Composite soil samples for the 0-to 20-cm depth from 10 to 15 points were taken for each block, air dried, and sieved through a 2-mm sieve. The analyses were done by the World Agroforestry Center Soil-Plant Spectral Diagnostic Laboratory in Nairobi, Kenya, using mid-infrared spectral analysis, with fine-tuning of the calibration using data from wet chemistry analysis for about 10% of the samples (Shepherd and Walsh, 2007; TerhoevenUrselmans et al., 2010; Towett et al., 2015) . The analyses were for: organic C with a Thermal Scientific Flash 2000; pH with a 1:2.5 soil/water slurry; available P and exchangeable bases and available micronutrients with Mehlich-3 extraction (Mehlich, 1984) ; and particle size distribution using the Horiba LA 950 Laser Scattering Particle Size Distribution Analyzer (Table 1 ). The standard operating procedures are available at https://www.worldagroforestry.org/ sd/landhealth/soil-plant-spectral-diagnostics-laboratory/sops.
The Niger soils were Arenosols except for a Luvisol at Bengou (FAO, 2006) . Soil property ranges included 5.2 to 6.0 for soil pH, 1.0 to 7.8 g kg -1 for organic C, 4.3 to 65.6 mg kg -1 for Mehlich 3 P, 35 to 92 mg kg -1 for exchangeable K, and 147 to 895 g kg -1 for sand content. The soil at Bengou had less sand and greater nutrient availability compared with other sites in Niger. The Aquic Haplustalf in Mali had much more clay and organic C and more exchangeable bases compared with the Oxic Haplustalf, but the soils had similar pH and Mehlich 3 P.
The mean annual precipitation for Maradi was <500 mm with about 65% falling in July and August and with much percolation through these sand soils to beyond the root extent of annual crops (Maman et al., 2017b) . There was much variation in seasonal rainfall across SY ranging from 400 mm for Maradi 2014 to >700 mm for Bengou 2015 (Fig. 1) . Periods of low rainfall coupled with sandy soil likely caused soil water deficits that constrained crop yields. Early cessation of rainfall likely affected grain 
experimental Design and Management
Treatments were in a randomized complete block design incomplete factorial with three replications for the on-station trials and with on-farm trials consisting of one replication in each of four to six farmer's fields. The treatments included four, five and four N, P, and K levels, respectively, with 15, 7.5, and 10 kg ha -1 increments ( Table 2 ). The P levels were with and without a uniform application of 30 kg ha -1 N, or 60 kg ha -1 N in Mali, so that the P × N interaction could be determined. The N rates were evaluated with a uniform application of 22.5 kg ha -1 P. The K rates were evaluated with 30 or 60 kg ha -1 N and 22.5 kg ha -1 P uniformly applied. A diagnostic treatment was included that consisted of 30, 22.5, 20, 15, 10, 2.5, and 0.5 kg ha -1 of N, P, K, S, Mg, Zn, and B, respectively, which was compared to the treatment with the same N, P and K rates. These 16 treatments in Niger were pearl millet-cowpea intercrop with 2.5 t ha -1 of farmyard manure applied. Another five treatments in Niger were PMSC with manure applied. The on-farm trials had the first 16 treatments plus another treatment to determine the intercrop effect on pearl millet yield. The Mali trials had no manure applied and the first 16 treatments were PMSC with five added treatments for intercropping. The nutrient sources were urea, triple super phosphate, potassium chloride, MgSO 4 as kieserite with 15% Mg and 22% S, zinc sulfate monohydrate with 34% Zn and 18% S, and granular borax with 14.5% B. Nutrient rates were specified in elemental form. The mean manure concentration of N, P, K, Mg, S, Zn, and B, respectively, was 10.9, 1.1, 7.3, 2.3, 0.8, 0.02, and 0.05 kg Mg -1 . The mean manure pH was 8.5 and the C/N ratio was 18.6.
The fertilizers excluding the urea were point-applied and incorporated at 5 to 10 cm from the plant stands to both pearl millet and cowpea at 7 to 10 d after seedling emergence. The urea N was point-applied to pearl millet with 50% each at tillering and boot stages.
Plot size was 6 by 6 m. The land was plowed to greater than 15-cm depth and harrowed. The pearl millet varieties were HKP of 85 to 90 d maturity in Niger and Toroniou CI in Mali. The cowpea varieties were IT90K372-1-2 in Niger and IT89KD-245 (Sangaraka) in Mali, both of 80 to 85 d maturity. The pearl millet and cowpea seed were treated with fungicide Apron Star
-triazole] with 20, 20, and 2 g kg -1 a.i.; 5 g kg -1 of seed} to avoid damping-off and for good emergence and seedling vigor. Seed was manually sown at 5-cm depth. Pearl millet sowing dates were 3, 6, 13, and 26 July 2014, respectively, in Konni, Magaria, Maradi, and Bengou. In 2015 pearl millet was sowed on 26 June in Maradi, 2 July in Konni and Magaria, and 9 July in Bengou. Sowing in Mali was on 24 July 2014 and 29 July in 2015. The harvest dates are shown in Fig. 1 . The seed hole spacings were: 1.5 by 0.5 m for pearl millet and for cowpea with 1:1 alternation of rows for the intercrop; and 1 by 1 m for PMSC. Seedlings were thinned to three pearl millet plants per point and two cowpea plants per point after the first weeding. Manual hand-hoe weeding was conducted twice at 3 and 6 wk after sowing. Cowpea was sprayed at cowpea flowering and early pod formation for insect pest control in Niger and more frequently in Mali with formu-
Flag leaf samples were collected from pearl millet during the boot stage for on-station 2014 trials and all on-farm and on-station 2015 trials in Niger from plots to which N, P, and K had been applied. These were analyzed for concentration of N, P, K, Ca, Mg, S, Fe, Cu, Mn, Zn, B, and Mo for consideration in diagnostic of nutrient disorders once N, P, and K were applied. The nutrient concentrations were interpreted in consideration of critical values for maize and sorghum.
Harvest data was collected from 4 m of the two central rows for each crop. The plant material was air-dried before threshing and weighing plot grain and fodder.
Statistical Analysis
The ANOVA was combined across SY with SY and replications as random variables using Statistix 10 software (Analytical Software, Tallahassee, FL). When treatment interactions with year or site were significant, the analysis was conducted by year, site or year × site as indicated by the interaction. Contrasts were used to test for significant effects of K rate, the diagnostic treatment and intercropping on grain and fodder yield. Effects were considered significant at P < 0.05. Pearl millet plant number was used as a co-variate in the ANOVA when independent of treatments and statistically significant.
Yield responses were captured in a linear or a standardized curvilinear to plateau asymptotic function Y = a -bc r where Y = yield, a = yield at the plateau, b = the maximum yield increase due to application of a nutrient, c = a curvature coefficient, and r = the nutrient application rate. Trial data giving a linear or quadratic response to a nutrient for which Statistix 10 failed to produce an agronomically realistic curvilinear to plateau response function were reanalyzed as the intent of the research was to determine the effects of nutrient application on yield but also to improve the basis for fertilizer use decisions for which all results need to be considered. The re-analysis was with an Excel calculator developed for this research to determine the asymptotic coefficients to best fit yields predicted by the asymptotic equation with the measured results. Yield without the nutrient applied was as measured. For linear response, the coefficient a value was set at the yield with the highest nutrient level plus 40% of the difference in yield for the two highest rates. If the highest yield was not with the highest nutrient rate, coefficient a was equal to the average of the yield of the highest nutrient rate and of any higher yields. Coefficient b was the difference of coefficient a minus the zero nutrient yield. Coefficient c was then determined as the value that gave the best fit of the predicted with the measured yields. Coefficient c was restricted to a minimum of 0.75 for P and K and 0.80 for N to avoid abrupt biologically unfeasible predicted yield increases at low nutrient rates in cases where there was no yield increase with rates higher than the lowest application rate. In cases of negative nutrient effects, the coefficient a was the zero nutrient yield and b was the mean of yields with nutrient applied minus the coefficient a value and therefore negative, and coefficient c was set to 0.9.
For PMSC in Niger and intercropping in Mali, the nutrient rate sets were incomplete. Assumptions, based on an approximation of a typical response curve calculated from a dataset of >5800 crop-nutrient response functions geo-referenced for their research sites in sub-Saharan Africa (http://agronomy.unl.edu/ OFRA), were applied in determining response functions from limited data (Wortmann et al., 2017) . The P rates were 0, 7.5, and 15 kg ha -1 , and the yield increment with 22.5 kg ha -1 was assumed to be 40% of the increment gained with the 7.5 to 15 kg ha -1 P increment. There was measured yield only for the 0 and another rate for N and K; the responses were assumed to be curvilinear with 57, 26, and 12% of the coefficient b value with the first, second, and third increment of application rate and with about 5% of b to be achieved with higher rates. If the measured yield increment was negative, coefficient a was the yield with zero nutrient applied and coefficient b was the mean yield decrease due to nutrient application.
Response functions were determined for intercropping. Cowpea yield was converted to a pearl millet grain yield equivalent for ratios of cowpea to pearl millet grain value (CpPm) ranging from 1 to 5 kg kg -1 . Response functions were also determined in consideration of fodder value. Crop residue retention in the field can result in higher yield of the following crop (Mason et al., 2015) but the residue is important as fodder for ruminant livestock and fields are generally opened to uncontrolled grazing during the dry season, making residue retention in the field of low feasibility. Fodder value was converted to pearl millet grain value equivalent assuming the net values of pearl millet and cowpea fodder, after accounting for harvest costs, were 10% of the value for the respective grain on dry weight basis.
A basis for determining intercrop response functions from established PMSC functions was developed through analysis of data from the 12 on-station trials conducted in Niger and Mali. This was done for grain yield and for grain plus fodder yield. Using the deviations of pearl millet-cowpea intercrop (PMI) response coefficients from PMSC coefficients, equations were developed using linear regression analysis for adjusting PMSC response coefficients to determine the PMI coefficients with CpPm as an independent variable.
The EOR were determined for CpPm of 1 to 5 with varying fertilizer nutrient cost relative to pearl millet grain value expressed as kg kg -1 (CP). The CP of fertilizer P use were 4, 7, 11, and 13. The CP of N or K use were 3, 5, 7, and 9. Equations were developed using polynomial regression analysis for determining intercrop EOR with CpPm and CP as independent variables. Agronomic efficiency of nutrient use was determined as the gain yield per kilogram of nutrient applied (kg kg -1 ).
ReSULTS
Crop Yields
In Mali, mean PMSC grain and fodder yields were 1.35 and 2.35 Mg ha -1 for the Oxic Haplustalf and 1.07 and 1.92 Mg ha -1 for the Aquic Haplustalf, respectively. In the combined ANOVA for trials conducted in Mali, pearl millet yields were not affected by the SY × treatment interaction, K rate, and the diagnostic treatment (Table 3) . Pearl millet grain yield was not affected by P rate. The effect of N application was 20% more grain and 17% more fodder yield. Fodder yield was 27% more with 22.5 compared 0 kg ha -1 P applied. Intercropping reduced pearl millet yield by 18% for grain and 15% for fodder compared with PMSC. Mean intercrop cowpea grain and fodder yields were 0.51 and 0.61 Mg ha -1 for the Oxic and 0.37 and 0.45 Mg ha -1 for the Aquic Haplustalf, respectively. Cowpea yields were not affected by treatments, including the diagnostic treatment, or interactions.
For the on-farm trials in Niger, the overall grain and fodder yields for PMI were 0.81 and 1.43 Mg ha -1 , respectively (Table 3) . The average PMI grain yield increase with P application was less than 30% for Konni 2014 and for Maradi-Kagara, Magaria, and Maradi-Sark in 2015 but >40% for the other five on-farm SY. The average effect of P application for PMI was 35% more grain and 27% more fodder yield. The SY × N interaction was due to <25% yield increase with N application for Bengou 2014 and 2015 and for Magaria and Maradi-Kagara in 2015 but >50% yield increase for 4 SY (Table 4) . Fodder yield of PMI was increased by <25% due to N application for Bengou in 2014 and for Magaria, Bengou, Maradi-Kagara, and Maradi-Sark in 2015 but by >30% for the other 4 SY. The diagnostic treatment did not affect PMI mean grain and fodder yield in these on-farm trials. Table 3 . Overall mean pearl millet sole crop (PMSC) and intercrop (PMI) grain (GY) and fodder yields (FY) as affected by nutrient application in 2014-2015 for four trials at Segou-Cinzana Mali, and eight sets of on-farm trials conducted at four sites in Niger.
PMSC . ‡ Other treatments comparisons tested with linear contrasts were the yield differences with: K applied minus no K (K); the diagnosis treatment (N-P-K-Mg-S-Zn-B; Diag) minus N-P-K alone; PMI minus PMSC in Mali (PMI); and PMSC minus PMI in Niger. § ns, not significant. ¶ For the on-farm trials in Niger, grain yield was also affected by the interactions of site-year with P (*) and with N (**), and was more with PMSC compared with PMI(***). Fodder yield was also affected by the interaction of site-year with N (*). Other effects were not significant.
For the on-station trials in Niger, PMI grain yield in the combined analysis was affected by: treatment; the treatment × SY interaction; rates of P, N, and K; and the effects of intercropping (Table 4) . Pearl millet intercrop fodder yield was affected by treatments, treatment × SY interaction, N rate, and intercropping in the combined analysis. The N × P interaction did not affect PMI grain and fodder yield. Grain yield of PMI was affected by P rate in both years at Maradi and Magaria but in neither year at Konni. Fodder yield of PMI was affected by P rate only at Maradi 2015. The mean increases for PMI yield with 15 kg ha -1 P were 0.26 Mg ha -1 for grain and 0.29 Mg ha -1 for fodder, while the PMSC response was near zero for grain and negative for fodder. Application of N increased PMI grain yield at all locations in 2015 but not in 2014 while the N effect was significant for PMI fodder yield for 4 of 8 SY.
The mean yields of intercropped cowpea were 0.39 Mg ha -1 for grain and 1.15 Mg ha -1 for fodder for the eight on-station trials in Niger (Table 4) . The P × SY interaction affected cowpea intercrop grain yield with significant P effects in both years at Maradi and Magaria but with no effects at Konni and Bengou. Fodder yield was increased by P application for 5 of the 8 SY. There were no treatment effects for intercrop cowpea yield for the 2014 trials but the effect of P application was 6% more grain and and 24% more fodder yield in 2015.
The Response Functions and economics
Most important are the b values as measures of mean potential response to an applied nutrient. In Mali, the b values were greater or similar for P compared with N but were negative for K (Table 5 ). In the Niger on-farm trials, the b values were less for P compared with N, and mostly positive for K. The b values for P were high compared with N and P for PMSC in the Niger on-station trials, but all b values were low for PMI. Cowpea b values were greater for N and K compared with P in Mali but generally greater with P compared with N and K in Niger.
With the results combined across sets of trials, PMI had no grain and fodder yield response to P while PMSC and cowpea had some responses (Fig. 2) . Mean fodder yield of PMI was not affected by N but other yields were increased with N application. Application of K had little effect on yields except for a decline in PMSC fodder yield. Fodder yield for PMSC was not affected by P. Grain and fodder yield response to P was greater in Mali with PMI compared with PMSC.
The equations for adjusting PMSC coefficients for intercropping according to variation in CpPm were linear (Table 6) , both for grain alone and grain plus fodder. The equations indicate higher yields, the a values, and greater responses, the b values, with intercropping compared with PMSC due to the contribution of intercrop cowpea yield to pearl millet yield value equivalent (Fig. 3 ). An exception was for the negative response to K for grain plus fodder.
The EOR at different CP were generally higher for intercrop compared with PMSC for P but similar for N (Fig. 3) . Application of K was profitable for PMI grain but not for PMSC and not when fodder yield was considered. The EOR increased as CpPm increased. The EOR for grain plus fodder yield compared with grain yield alone was higher for P, similar for N, and lower for K. The EOR can be estimated for grain alone and for grain plus fodder with CpPm and CP as independent variables (Table 7) .
DISCUSSIon
The low pearl millet and cowpea yields were not atypical for the stressful crop production conditions typical for the Sahel. Often plant stand was poor and uneven contributing to the low yields and experimental error. Early cessation of rainfall relative to pearl millet harvest (Fig. 1) , often with loamy sand soils, likely resulted in much stress during grainfill for some SY. Grain yield on average was greater in Mali where mean rainfall was more compared with in Niger (Table 3) . Periodic soil water deficits and other constraints likely limited response to applied nutrients. The responses of PMSC to applied N were generally within the range reported by others (Bagayoko et al., 2011; Bationo et al., 1990 Bationo et al., , 1991 Bationo and Ntare, 2000; Bationo, 2008; Christianson et al., 1990; Pandey et al., 2007: Singh and Thakare, 1986 ) but response to applied P was on average less than previously reported (Bagayoko et al., 2011; Bationo et al., 1991; Bationo, 2008; Mahaman, 1988) . Fodder yield was typically greater than grain yield but the magnitude of response varied inconsistently compared with grain yield responses (Table 5, Fig. 2) .
The diagnostic treatment did not affect grain and fodder yields in Niger and Mali. Flag leaf nutrient concentrations for samples collected in Niger were interpreted in consideration of critical values of 1.6 g kg -1 for Mg, 1.3 g kg -1 for S, 15 mg kg -1 for Zn and 3 mg kg -1 for B. Nutrient concentrations were above these critical levels for Mg with a mean of 2.6 g kg -1 , S with a mean of 2.0 g kg -1 , Zn with a mean of 43 mg kg -1 , and B with an average of 12 mg kg -1 . The foliar concentrations of N, P, K Ca, Cu, Fe, Mn, and Mo also indicated adequate availability of these nutrients, keeping in mind that samples were collected from plots with N, P, and K applied.
Soil test K values were generally very low (Table 1) but K effects were generally not significant (Tables 3 and 5 ). Response to K may Table 5 . Pearl millet and cowpea nutrient response function coefficients (C) according to the asymptotic model Yield = a-bc r where a is yield (Mg ha -1 ) at the plateau, b is the maximum response to the applied nutrient, c is a curvature coefficient and r is the rate of nutrient application (kg ha -1 ). The underlying nutrient response data are from on-station field research except for the Niger on-farm trials (OFT) set which was determined from results of OFT in Niger. Fig. 3 . The economically optimal rates (EOR) for P, N, and K applied to pearl millet sole crop (PMSC) and the cowpea-pearl millet intercrop (CpPM) with the grain value of cowpea at two (CpPm2) and four (CpPm4) times that of pearl millet. The round, square, triangle, and diamond symbols are for the cost of the nutrient use equal to three, five, seven, and nine times the value of pearl millet grain (kg kg -1 ) for N and K, and 4, 7, 10, and 13 times the value of pearl millet grain (kg kg -1 ), respectively. The EOR are for grain alone (_G) and grain plus fodder (_G+F), all adjusted to the pearl millet grain value equivalent. have been constrained because it was less limiting to crop growth than other factors. There were also indications of negative effects of K application, especially in Mali. Occurrence of negative responses to K have been also reported for sub-Saharan Africa with sorghum (Maman et al., 2017a) and maize (Wortmann et al., 2017) . Grain and fodder yields were less with PMI compared with PMSC. Intercropping did not have much effect on pearl millet response to applied nutrients with the exception of the negative PMSC fodder yield response to K. Intercropped cowpea had little response to applied nutrients. The response, however, taken together with the high value of cowpea grain and fodder compared with that of pearl millet, and especially for CpPm ≥ 2, contributed greatly to the value of the intercrop harvest and the economic response to fertilizer (Fig. 3) . Therefore, the profit potential and EOR for fertilizer applied to intercrop is much greater compared with application to PMSC. For example, when CP for P was 7, the value/cost ratio of P application at EOR to PMSC was 2.26 with an agronomic efficiency of 15.8 kg kg -1 , but 3.12 with an agronomic efficiency of 21.9 for the financially constrained farmer who applies P at 50% of EOR. For CpPm4, in comparison, the value/cost ratio for P application at EOR was 3.16 with a pearl millet equivalent agronomic efficiency of 22.1 kg kg -1 , but 5.32 with an agronomic efficiency of 37.2 for P application at 50% of EOR. These values would be slightly increased if the fodder value would be considered. Similar values could be estimated for applied N using the reported information.
The ability to estimate pearl millet-cowpea intercrop response functions from PMSC response functions was a great advance in information needed for efficient fertilizer use in the Sahel (Table 6 ). Most pearl millet production area was intercropped with cowpea. Much information was available on PMSC response to fertilizer such as 213 geo-referenced PMSC-nutrient response functions that were determined from field research in sub-Saharan Africa. These were compiled in a response function database of the project Optimizing Fertilizer Recommendations in Africa (OFRA). The procedure to apply this PMSC data to intercrop is a valuable asset. Once nutrient response functions are determined, economics can be applied in fertilizer use decisions. Such response functions can be used in fertilizer use optimization tools such as those for agroecological zones of Mali and Niger (Jansen et al., 2013; Dicko et al., 2017; Maman et al., 2017b) . The OFRA dataset, optimization tools and other resources are available for download at http://agronomy.unl.edu/OFRA.
ConCLUSIon
Intercropping pearl millet and cowpea is more productive in the Sahel compared with PMSC and the profit potential with fertilizer use is greater for intercrop compared with PMSC. The crop value is enhanced if the fodder value is considered but the EOR for grain compared with grain plus fodder varies inconsistently across nutrients. Both PMSC and intercrop response to P was greater than for N and K. Application of N has profit potential but the amount applied needs to be less than the equivalent of 50 kg ha -1 urea. Fertilizer K should not be applied for PMSC production, but on average can be profitable with intercropping if only grain yield is considered. Application of the reported procedure to determine intercrop response functions from PMSC functions offers opportunity to greatly improve fertilizer use efficiency for intercropping. The results demonstrate the importance of the availability of single nutrient fertilizers, as relative requirements of N, P, and K differ for sole crop and intercrop production and with farmers' financial ability for fertilizer use. Table 7 . Coefficients of polynomial equations for estimating the economically optimal rates (EOR) of N, P, and K application for the pearl millet-cowpea intercrop considering grain alone and grain plus fodder. The independent variables were the cowpea grain to pearl millet grain value ratio (kg kg -1 , CpPm) and the ratio of pearl millet required to equal the cost of nutrient applied (kg kg -1 , CP 
